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both necessary and conditionally sufficient for specifica-Lost in Space: Misregulated
tion of motor neurons and oligodendrocyte progenitors;Positional Cues Create Tripotent however, astrocytes form normally in the spines of Olig2
null mice. Moreover, a cre recombinase fate map ofNeural Progenitors in Cell Culture
Olig1 expression reveals a lineage relationship between
neurons and oligodendrocytes—but not astrocytes (see
Lu et al., 2002; Zhou and Anderson, 2002, and additional
In a widely held view of vertebrate CNS development, references therein). As has been noted, the Olig null
neurons, astrocytes, and oligodendrocytes arise from phenotype and fate mapping data alone do not preclude
a common tripotent progenitor cell. However, tripotent a role for bipotent GRPs in glial development (Liu and
progenitors have never been detected in developing Rao, 2003). However, taken together with anatomical
embryos. In this issue of Neuron, Gabay et al. show considerations, grafting experiments, and retroviral lin-
that tripotent progenitors can be created in vitro by eage tracing experiments in vivo (reviewed by Richard-
son et al., 2000), the simplest interpretation of the dataderegulation of normal dorsoventral positional cues.
supports the patterning view of glial development
wherein oligodendrocytes arise from progenitors in theHow does the multitude of cell types in the vertebrate
ventral neural tube that also give rise to neurons (specifi-central nervous system (CNS) arise from germinal cells
cally, within the spine, motor neurons).of the ventricular zone? Grafting experiments and analy-
In this issue of Neuron, the tripotent neural progenitorsis of pattern formation in developing spinal cord high-
is now called into question through conceptually simple,light the role of anatomy in neural subtype specification
but technically elegant, studies from Gabay et al. (2003).and indicate that the two major types of glia arise from
The authors exploit a mutant mouse in which Olig2 isseparate, bipotent progenitor cells. Astrocytes arise from
disrupted by knockin of the jellyfish green fluorescentprogenitor cells in regions of the dorsal neural tube that
protein (GFP). Homozygous Olig2 null mice die at birthgive rise also to neurons; oligodendrocytes arise from
due to failure of motor neurons to form; however, thea progenitor pool in the ventral neural tube that also
heterozygotes are viable and fertile. The authors isolatedgive rise to neurons (reviewed by Jessell, 2000). A prob-
Olig2-positive cells from the ventral spinal cord of het-lem with this spatially restricted view of neural develop-
erozygous embryos at E13.5 by cell sorting for GFP.ment is that stem cells in culture do not behave as
Control Olig2-negative cells were sorted from the dorsalpatterning and grafting studies would predict (vide infra).
half of the spinal cord. Both ventral and dorsal cell typesCell culture shows clearly that both the developing
were processed through the standard “neurosphere”and the adult CNS contain single cells that can give rise
protocol for isolation and quantitation of tripotent neuralto neurons, astrocytes, and oligodendrocytes and also
progenitors. In brief, the cells were cultured under non-
single cells that can give rise to the two glial cell types
adherent conditions in the presence of mitogens (EGF
(reviewed by Gage, 2000). In a model of neural develop-
and FGF). When neurospheres had formed, they were
ment patterned loosely after the process of blood forma- picked and replated in mitogen-free medium under con-
tion, the CNS is proposed to form from a tripotent pro- ditions permissive for cell attachment. In mitogen-free
genitor that gives rise mainly to neuroblasts at early medium, adherent cells derived from neurospheres dif-
times in development. At later times, the tripotent pro- ferentiate and can be typed as neurons, astrocytes, or
genitor spins off a bipotent glial-restricted progenitor oligodendrocytes by immunostaining.
(GRP) to form astrocytes and oligodendrocytes (re- The spatially restricted view of CNS development pre-
viewed by Rao, 1999). A major lacuna in the evidence dicts that dorsal neurospheres should not give rise to
supporting this view of neural development is that clonal oligodendrocytes because Olig2 is strictly required for
analysis experiments using marked retroviruses detect oligodendrocyte development and Olig2 is not ex-
neither GRPs nor tripotent progenitors in the embryonic pressed in the dorsal spine of mice at E13.5. Conversely,
CNS at times when neurons, astrocytes, and oligoden- ventral neurospheres should not give rise to astrocytes
drocytes are all being specified. For prosaic reasons, it because Olig gene expression inhibits the formation of
might be difficult to resolve such cells in developing astrocytes. In actuality, both dorsal and ventral neuro-
embryos by clonal analysis. However, one key feature spheres gave rise to all three neural cell types—in other
of this standard model has recently been challenged words, they were tripotent. Immunostaining for the Olig
on completely independent experimental grounds with GFP reporter showed that spatial restriction was lost
cloning and characterization of the bHLH transcription during formation of the neurospheres. When examined
factors Olig1 and Olig2. while still in suspension, more than 80% of the neu-
During early development, the two Olig genes are rospheres from dorsal spinal cord contained cells that
coexpressed in spatially restricted regions of the ventral were Olig2 positive. Conversely, a significant fraction of
neural tube. In the spinal cord, this region corresponds the cells (36%) in ventral neurospheres were Olig2 neg-
to the pMN domain, where motor neurons and oligoden- ative—even though each of these neurospheres was
drocytes are specified in response to the ventralizing clonally derived from an Olig2-positive cell.
signal Sonic hedgehog (Shh). Olig1 and Olig2 are down- In principle, the patterning/neurosphere disconnect
could be explained by imagining that local environmen-stream targets of the Shh signal. Expression of Olig2 is
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tal cues in developing neural tube actively suppress
certain fate choices of a tripotent progenitor cell and
that these constraints are relieved when the cells are
disaggregated and placed in culture. However, Gabay
et al. considered an alternative hypothesis. Mitogenic
growth factors such as EGF or FGF are an essential
feature of the neurosphere assay described above. Do
mitogenic growth factors induce a false directional
sense of “dorsal” and “ventral” in vitro? To address this
issue, the authors focused on the acquisition of ventral
features in the stem cells derived from dorsal tube. The
experiments demanded that dorsal CNS progenitors be
Figure 1. Two Very Different Ways of Thinking about CNS Devel-cultured in the presence or absence of FGF. This require-
opment
ment precluded the use of neurospheres, which cannot
Left: Grafting experiments and analysis of pattern formation in devel-form in the absence of growth factors. Accordingly, the
oping spinal cord suggest the CNS is formed from bipotent progeni-
authors turned to monolayer cultures of cells from the tors for neurons/astrocytes and neurons/oligodendrocytes (see Jes-
dorsal neural tube of E14.5 rat embryos (the switch from sell, 2000; Richardson et al., 2000). Right: Neurosphere assays and
mice to rats was made because the rat cells can survive clonal analysis of adherent cells in culture suggest the CNS is de-
rived from a tripotent progenitor and that the two major types offor longer periods of time in the absence of mitogens
glia arise from a common glial-restricted progenitor (see Gage, 2000;than their mouse counterparts).
Rao, 1999).The response of dorsal stem cell cultures to ectopic
FGF was striking. In factor-free medium, there were vir-
in the postnatal rat forebrain (see Parnavelas, 1999, andtually no Olig-positive cells. In the presence of FGF,
references therein).more than half of the cells became Olig positive. Control
These quibbles aside, there are two very differentexperiments showed that FGF does not promote the
ways of thinking about CNS development. One of themsurvival of Olig-positive cells that form spontaneously
ignores anatomy, and its scientific foundations can nowand then die. Likewise, FGF does not act as a selective
be explained as an artifact of cell culture. At a minimum,mitogen for rare, Olig-positive cells that might have been
the observations of Gabay et al. establish a burden ofpresent in the original explants. Rather, FGF-induced
proof for the stem cell view. Until tripotent progenitorsventralization is channeled, at least in part, through in-
can be visualized in vivo or documented by some otherduction of the ventralizing signal Shh. RT-PCR showed
means, there is no compelling reason to believe thatthat FGF stimulates expression of Shh mRNA. A small
such cells participate in embryonic development of themolecule Shh antagonist dramatically reduced the num-
CNS. The safer bet is that the CNS is formed from theber of Olig-positive cells that appear in the presence of
kinds of progenitors that can actually be seen in pat-FGF. Thus, a mitogen used commonly to capture, count,
terning and grafting studies.and characterize tripotent progenitor cells in vitro actu-
Does it really matter whether the CNS arises fromally creates them by inducing a false positional cue.
tripotent progenitor cells or whether it arises from cellsThe observations resonate with other reports that neural
that are potentially tripotent and become so in culture?progenitor cells become reprogrammed in vitro (Kondo
Cepko et al. (1996) have discussed the difference be-and Raff, 2000; Palmer et al., 1999) and provide a rational
tween the “potential” of progenitor cells and their actualmechanism for this reprogramming.
“competence” in vivo. The clinical discipline of hematol-At one level, these data reconcile two valid, but
ogy shows how potential and competence can be morebroadly divergent, points of view on the process of CNS
than just a fine distinction. In blood development, lin-development (Figure 1). Stem cell cultures remain a pow-
eage tracing experiments and grafting experiments canerful tool for discerning the molecular mechanisms of
be generally reconciled with the predictions of cell cul-the fate choice process. The therapeutic potential of
ture. A reliable flow chart for blood development in vivomultipotent neural progenitors for a wide range of neuro-
has evolved and this chart sheds light on the moleculardegenerative disease states remains intact. The studies
biology of myeloid and lymphoid diseases. The flowdo not even disprove the notion that neurons, astrocytes,
chart for CNS development will have equally practicaland oligodendrocytes arise from tripotent progenitors
overtones in the areas of neurodegenerative disease,in the CNS. As noted by the authors, these cells might be
spinal cord injury, multiple sclerosis, and primary can-too rare or disappear too early for detection by lineage
cers of the CNS. Workers in these areas should acquainttracing in vivo. It is self-evident that neurons and glia
or reacquaint themselves with the patterning literature.share a common progenitor at some point in develop-
As food for thought, it is interesting to note the multiplement such as the neural plate (although probably not a
ways in which malignant gliomas resemble the disori-tripotent progenitor at this early stage). Another impor-
ented neurospheres in Gabay et al.tant caveat is that the patterning view of neural develop-
ment evolved through studies on the developing spinal
cord. Whether cell lineage relationships in spinal cord Charles D. Stiles
Department of Microbiology and Molecular Geneticsare conserved in other developmental environments or
in the adult CNS is unclear. With respect to the adult Harvard Medical School
Program in Neuro-OncologyCNS, it is interesting to note that Levison, Goldman, and
others have detected occasional clones of cells that The Dana Farber Cancer Institute
Boston, Massachusetts 02115contain both astrocytes and oligodendrocytes (GRPs?)
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Selected Reading expensive (Attwell and Laughlin, 2001), spontaneous fir-
ing must serve some important purpose. There exist
Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M., and Ezzeddine, several plausible possibilities. First, tonic firing endows
D. (1996). Proc. Natl. Acad. Sci. USA 93, 589–595.
neurons with greater sensitivity to excitatory inputs, as
Gabay, L., Lowell, S., Rubin, L.L., and Anderson, D.J. (2003). Neuron, small inputs are not required to summate with eachthis issue, 485–499.
other in order to exceed spike threshold. Second, since
Gage, F.H. (2000). Science 287, 1433–1438.
background rates can be modulated bidirectionally,
Jessell, T.M. (2000). Nat. Rev. Genet. 1, 20–29. spontaneously firing neurons can encode changes in
Kondo, T., and Raff, M. (2000). Science 289, 1754–1757. levels of inhibition independently of excitation. Third,
Liu, Y., and Rao, M. (2003). Trends Neurosci. 26, 410–412. spontaneously firing neurons can provide a tonic synap-
Lu, Q.R., Sun, T., Zhu, Z., Ma, N., Garcia, M., Stiles, C.D., and Row- tic conductance on target cells (Ha¨usser and Clark, 1997).
itch, D.H. (2002). Cell 109, 75–86. Fourth, the presence of an intrinsic background rate
Palmer, T.D., Markakis, E.A., Willhoite, A.R., Safar, F., and Gage, provides a very attractive target for plasticity, as state
F.H. (1999). J. Neurosci. 19, 8487–8497. changes can be encoded without having to continuously
Parnavelas, J.G. (1999). Exp. Neurol. 156, 418–429. supply synaptic input. While it has been shown that
Rao, M.S. (1999). Anat. Rec. 257, 137–148. spontaneous firing can be modulated, for example by
Richardson, W.D., Smith, H.K., Sun, T., Pringle, N.P., Hall, A., and the nitric oxide pathway (Smith and Otis, 2003) or by
Woodruff, R. (2000). Glia 29, 136–142. diurnal rhythms (Pennartz et al., 2002), demonstrating
Zhou, Q., and Anderson, D.J. (2002). Cell 109, 61–73. that spontaneous activity can be rapidly and persistently
altered by physiological patterns of synaptic input would
significantly strengthen our understanding of its compu-
tational significance.
Reporting in this issue of Neuron, Nelson et al. (2003)
show that transient inhibition of spontaneous firing in
Less Means More: Inhibition neurons of the brainstem medial vestibular nucleus (MVN)
can lead to long-term changes in their excitability (Figureof Spontaneous Firing Triggers
1). MVN neurons are spontaneously active in slice prepa-Persistent Increases in Excitability
rations in the absence of excitatory input. When this
spontaneous activity is reduced for a brief period (sev-
eral minutes) either by activating synaptic inhibition or
via direct hyperpolarizing current, the spontaneous fir-Modulation of intrinsic excitability is an alternative to
ing rate rebounds immediately afterwards to a higherclassical synaptic plasticity for implementing activity-
rate than in control, an effect the authors call firing ratedependent changes in neuronal networks. In this issue
potentiation (FRP). Remarkably, the increase in firingof Neuron, Nelson et al. reveal a new form of plasticity
rate far outlasts the duration of the inhibition, persistingof intrinsic excitability that can be triggered rapidly
during even the longest recordings (up to 2.5 hr). FRPwhen synaptic inhibition reduces spontaneous firing,
is associated with an increase in input resistance andresulting in persistent enhancement of firing rate and
in the excitability of the neurons measured by the fre-neuronal gain.
quency-current relationship in response to depolarizing
current pulses, the slope of which is commonly known
Most neurons in the brain speak only when spoken to: as the “gain” of the input-output relationship. FRP is
they are silent at rest and they generate spikes only therefore a compensatory change in excitability that
when driven by excitatory synaptic input. However, overshoots the original set point, and thus is not strictly
many neuronal networks feature neurons that are chat- homeostatic (Marder and Prinz, 2002).
tering away at rest, exhibiting spontaneous activity even How are reductions in firing rate read out and trans-
in the absence of synaptic input. These include output lated into changes in excitability so quickly? The authors
neurons, such as thalamic relay (McCormick and Pape, show that inhibiting spontaneous firing reduces resting
1990), cerebellar Purkinje (Ha¨usser and Clark, 1997; Ra- intracellular Ca2 levels and that reducing Ca2 influx is
man and Bean, 1997; Smith and Otis, 2003), cerebellar sufficient to induce FRP. In searching for the mechanism
deep nuclear (Raman et al., 2000), and tuberomammil- of expression of FRP, the authors took advantage of their
lary (Taddese and Bean, 2002) neurons, as well as inter- previous studies showing that the small-conductance
neurons such as retinal dopaminergic amacrine cells calcium-activated K current (SK) and the big-conduc-
(Feigenspan et al., 1998) and thalamic reticular nucleus tance calcium-activated K current (BK) powerfully modu-
neurons (Avanzini et al., 1989). The internal dialog of late the excitability of MVN neurons by shaping the spike
these spontaneously active neurons is sustained by ex- afterhyperpolarization (Smith et al., 2002). Specific
pression of specific sets of voltage-gated channels blockers of BK channels, but not of SK channels, mim-
(Llinas, 1988), with a large variety of different currents— icked and occluded FRP. These findings suggest that
including Ih (McCormick and Pape, 1990), calcium cur- selective downregulation of BK channels is an important
rents (Pennartz et al., 2002), nonselective cation currents determinant of the increase in excitability (although
(Raman et al., 2000), and persistent (Taddese and Bean, modulation of other channel types, such as Ca2 chan-
2002) or resurgent (Raman and Bean, 1997) sodium cur- nels, may also be involved).
rents—providing the inward current necessary to drive Several questions remain open. Whether the trigger
firing in different cell types. for plasticity is a reduction in global average Ca2 levels
or in localized Ca2 signals in specific subcompartmentsGiven that action potential firing is energetically very
